We report the fabrication and characteristics of surface relief grating on the end surface of silica optical fiber with a diameter of 125 m. One-and two-dimensional gratings were inscribed on the fiber surface covered with azo polymer thin-film layer using interferometric methods. Diffraction beam patterns of the zeroth and the first order due to surface relief gratings were observed using a 635 nm laser, and the relation between the measured diffraction beam pattern and the grating period was also investigated.
With increasing demand on optical signal processing especially in optical switches and optical data storages, various techniques for beam shaping have been developed along with beam splitters and diffractive bulk lenses. Fiber connectivity would be of high interests to achieve both dense integration and take advantage of high bandwidth optical communication. Recently investigations on beam-shape transformation by directly inscribing an index modulation pattern on bulk glass or optical fiber surface have been carried out focusing femtosecond Ti:sapphire laser pulses 1,2 and ultraviolet-visible laser. 3 These directly interferometric writing techniques could excel in their fabrication process simplicities compared to the conventional lithographic etching methods. Formation of these photorefractive index modulation structures in silica glass can provide optical functions such as directional couplers 4 and filters. 5 A sophisticated diffraction pattern, furthermore, can be optically generated by moving the writing laser beam in sub-micron precisions. 2 These optical techniques, however, could easily induce surface damages due to high optical intensity of nano or femtosecond pulses, and furthermore require sophisticated beam steering apparatus to generate multidimensional patterns.
Azo polymer materials have been intensively studied in order to effectively inscribe periodic structures on the deposited film. Compared to conventional photoresist films, azo polymer layers can produce the surface relief grating ͑SRG͒, where the actual mass of the layer is modulated rather than the refractive index. 6, 7 It is well known that the azobenzene group polymer is the material, which makes it possible to fabricate patterns with a submicron precision by photodriven mass transport and it is suggested that photoisomerization of azobenzene has the important role in the formation of SRG. 8 SRG applications are being rapidly expanded to optical devices, 4, 5 holographic data storages, 9 nanotemplate for colloidal crystal structure, 10 and liquid crystal alignment.
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SRGs are conveniently obtained by irradiating interferometric patterns using blue-green laser beams on the thin-film surface of azo materials to locally deform the molecular structure. This process can provide various advantages such as capability to superimpose multiple patterns, to directly inscribe patterns, as well as flexibly control the modulation period and depth. These benefits, however, have been implemented only in thin-film type planar waveguide devices, and fabrication and its applications of SRG patterns on the optical fiber surface have not been reported. In this letter, we report a technique to directly inscribe one-͑1D͒ and two-dimensional ͑2D͒ SRG structures on the cleaved fiber-end surface. The principles and fabrication procedures for inscribing SRG structures are explained. The diffraction beam patterns from 1D and 2D SRGs were measured experimentally, and their characteristics such as the zeroth and the first order diffractions are discussed.
A segment of conventional single-mode optical fiber was cleaved carefully at 90°and then inserted into a silica capillary to increase the effective surface area for polymer film coating. The PDO3 polymer containing azobenzene group was synthesized from diglycidyl ether of bisphenol A and disperse orange. 12 The synthesized polymer was solvated in cyclohexanone, and the filtered 10 wt % PDO3 solution was dropped on the surface of cleaved end of optical fibers mounted on silica capillaries and dried in a vacuum oven at 80°C for 1 h.
The SRG fabrication conditions were optimized to have a uniform PDO3 polymer film ͑thickness: 1.1-1.3 m͒ on the cleaved end of a single-mode fiber to inscribe SRG patterns. Experimental setup to fabricate SRGs on the fiber end is shown in Fig. 1 . An Ar-ion laser ͑Coherent Innova 305C͒ with output beam at 488 nm ͑intensity: 100 mW/cm 2 , irradiation time: 1 h͒ was used as a writing beam. The laser output was expanded by a spatial filter after passing through a half wavelength plate and collimated by a lens. The polarization of beams was p polarized with respect to the sample plane and a right angled aluminum coated mirror was used to form an interference pattern on the film.
The grating period of the SRG on the fiber surface can be continuously adjusted by changing the incident angle ͑͒ a͒ Electronic mail: koh@kjst.ac.kr APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 6 as shown in Fig. 1 and the desired grating period ͑⌳͒ is obtained using the Bragg's equation:
where is the wavelength of input beam. In this experiment, the inscribed surface grating period was 2 m, and the angle of the incident laser beam was set to 7°. The actual scanning electron microscope ͑SEM͒ images for the SRG patterns inscribed on the PDO3 polymer film deposited on the cleaved fiber end are shown in Fig. 2 and the bright center regions denote the location of fiber cores, respectively. First, 1D SRG pattern was fabricated on the fiber surface and its cross-section image is shown in Fig.  2͑a͒ . Here, the grating period was 2 m and modulation depth was 450-500 nm. After adjusting the alignment of the fiber at an angle of 90°, another perpendicular SRG was superimposed on the existing 1D grating. As a result of this double exposure, a well-defined 2D grating was fabricated and its cross-section image is as shown in Fig. 2͑b͒ . The grating structure shows an egg-shell shape in two dimension with the periodicity of 2ϫ2 m.
With the fabricated 1D and 2D SRGs, the diffraction beam patterns were measured by a charge-coupled device camera using a laser source at 635 nm. Experimental setup for measuring diffraction beam pattern is shown in Fig. 3 . The optical field propagating through the fiber sample experiences the periodic modulation at the prepared end of the fiber, resulting in the zeroth and the first order diffractive beam pattern. Here, L is the distance between the fiber-end SRG and the beam pattern, D is the distance between the zeroth and the first order diffraction beam pattern, m is the diffraction angle. As shown in Fig. 4͑a͒ , clear diffraction beam pattern of the zeroth and the first order from the 1D SRG was observed. The circular pattern at the center is identified as the zeroth order and the two side lobes correspond to the first order diffraction pattern. Similarly, in the case of the rectangular ͑2D͒ SRG pattern as shown in Fig. 4͑b͒ , the diffraction beam pattern with the central zeroth order and four first order side lobes perpendicular to each other was measured.
In order to investigate the relation between measured diffraction beam patterns and inscribed grating period, the distance (D) between zeroth and first diffraction beams was measured at the distance (L) of 5, 7.5, and 10 mm from fiber SRGs, respectively, as shown in Fig. 5 . Using these distance data, we can determine the diffraction angle ( m ) and finally obtain the grating period ͑⌳͒ from the following diffraction grating equation:
where m denotes the order of principle maxima. The inset shows the normalized intensity measured at the distance of 10 mm. Intensity profile at the center shows the zeroth order diffraction and those at two sides represent the first order diffraction. Two 1D SRGs and one 2D SRG samples were used for the measurement, and the diffraction angle for the 1D and 2D SRGs was 19.9°Ϯ0.7°, 18.8°Ϯ0.5°a nd the grating period was 1.86Ϯ0.6 m, 1.96Ϯ0.4 m, respectively. From these results, we confirmed that the grating periods from the measured beam patterns are in a reasonably good agreement with the measured period of 2 m obtained by the SEM in Fig. 2 .
In these experiments, the feasibility of SRG formation on the fiber end was successfully confirmed with both 1D and 2D periodic structures. SRGs using azo polymers can have distinctive advantages in capability of mass production, and multiple exposure to form a sophisticated pattern as well as low fabrication costs compared to previous direct writing technique using a femtosecond laser, which requires a precise laser beam steering gear for the line-by-line inscription as well as an expensive light source.
In conclusion, we have successfully fabricated the surface relief grating on the fiber end surface covered with an azobenzene polymer layer and investigated the relation between grating period and diffraction beam pattern. It was found that single and double exposure techniques formed well-defined one-and two-dimensional periodic structures on the fiber surface. The beam diffracted from the grating showed the zeroth and the first order diffraction pattern. With the first demonstration of SRG pattern on fiber surface end using azo polymer film, various kinds of applications such as beam splitter, beam deflector, diffractive lens, and beam shape controller can be expected. Further studies of fiber type SRGs with complex surface profiles such as circular and blazed SRGs inscribed in thin-film planar waveguide type 
